Background: The antitumor activity of CS-1008, a humanized agonistic anti-human death receptor (DR) 5 antibody, was investigated in preclinical models. 
introduction
Apoptosis plays a crucial role in many physiological processes and is essential to homeostasis in the normal tissues of the body, especially those of the gastrointestinal tract, immune system and skin. An imbalance between cell proliferation and death contributes to many diseases, including malignancy, autoimmune diseases, neurodegenerative diseases and viral infections [1] . Tumor necrosis factor (TNF)-related apoptosisinducing ligand (TRAIL) is a member of the TNF ligand superfamily and induces apoptosis in many tumor cell lines by binding to death receptors (DRs) [2] . Among DRs, DR4 and DR5 contain cytoplasmic death domains capable of transducing an apoptotic signal on ligation with their endogenenous ligand TRAIL. An X-ray crystallography study of soluble TRAIL confirmed its homotrimeric subunit organization of the ligand [3] . After the binding of TRAIL, DRs are trimerized and rapidly assemble a death-inducing signaling complex (DISC) that involves a Fas-associated death domain (FADD) and procaspase-8 [4] . The activated caspase-8 subsequently cleaves and activates caspases-3, -6 and -7 (extrinsic pathway). Bid is also cleaved by caspase-8 and induces the release of proapoptotic factors from mitochondria (intrinsic pathway) [5] . Thus, TRAIL induces apoptosis in cells by triggering both extrinsic and intrinsic apoptosis signals via DRs.
DR5 expression is detected with high frequency in tumor cell lines and clinical tumor specimens [6] [7] [8] [9] . Relatively low level of cytoplasmic DR5 expression was observed in several normal tissues including liver; however, it is still unclear whether functional DR5 localizes on the cell membrane [9, 10] . The physiological function of DR5 is not yet fully understood, and it is speculated to play an essential role in the immune surveillance of malignancy by TRAIL. In spite of the limited expression of DR5 in normal tissues, there still remains the concern for side-effects especially hepatotoxicity when targeting DRs. Indeed, several reports have demonstrated hepatocellular toxicity in vitro induced by recombinant TRAIL [11] .
TRA-8, a novel murine anti-human DR5 mAb, has been shown to induce apoptosis in several tumor cell lines and inhibited the growth of tumors xenografted in athymic nude mice [12] [13] [14] . TRA-8 was humanized by a complementaritydetermining region (CDR) grafting method. In this study, we examined the efficacy of CS-1008, a humanized TRA-8 on the proliferation of several tumor cell lines in vitro and the efficacy of CS-1008 alone or in combination with chemotherapeutic drugs on the growth of colon, lung and pancreatic tumor xenografts in athymic nude mice. Furthermore, we assessed the safety profile of CS-1008 in human primary hepatocytes in vitro because TRAIL and other anti-DR5 antibodies are known to induce cytotoxicity [11, 15] .
materials and methods

CS-1008 and antitumor agents
Murine monoclonal anti-human DR5 antibody (TRA-8) was generated by immunization of BALB/c mice with DR5-hIgG1 fusion protein and subsequently humanized by a CDR grafting method [12] .
Highly purified CS-1008, which contained monomer fractions of >99% purity, was used for the experiments. Human immunoglobulin G (IgG) 1 and human IgG were purchased from UK-Serotec Ltd. (Oxford, UK) and MP Biomedicals Inc. (Solon, OH), respectively, and used as isotypematched controls. Phosphate-buffered saline (PBS) containing 0.01% polysorbate 80 was used as a diluent for antibodies.
Recombinant human TRAIL was purchased from R&D Systems Inc. (Minneapolis, MN) and stored at 220°C until use. Docetaxel hydrate (TaxotereÒ injection) and gemcitabine hydrochloride (GemzarÒ injection) were purchased from Sanofi-aventis K.K. (Tokyo, Japan) and Eli Lilly Japan K.K. (Kobe, Japan), respectively.
cell lines and cell culture
Human tumor cell lines COLO 205 (colorectal adenocarcinoma), NCI-H2122 [non-small-cell lung cancer (NSCLC)], MIA PaCa-2 (pancreatic carcinoma), ACHN (renal cell adenocarcinoma) and U266B1 (myeloma) were purchased from American Type Culture Collection (Manassas, VA) and MKN-28 (gastric cancer) was purchased from Immuno-Biological Laboratories Co., Ltd (Takasaki, Japan). COLO 205, NCI-H2122, U266B1 and MKN-28 cells were cultured in RPMI-1640 (Invitrogen Corp., Carlsbad, CA) medium supplemented with 10% heat-inactivated fetal bovine serum (HyClone Laboratories Inc., South Logan, UT). MIA PaCa-2 and ACHN cells were cultured in Dulbecco's Modified Eagle's Medium (Invitrogen Corp.) and Minimum Essential Medium (Invitrogen Corp.), respectively, and supplemented with 10% heat-inactivated fetal bovine serum. All cell lines were cultured at 37°C under 5% CO 2 .
reagents Anti-human IgG goat polyclonal antibody was purchased from MP Biomedicals Inc. and used as a cross-linker for the in vitro proliferation assay. Phycoerythrin (PE)-conjugated control mouse IgG1 and PE-conjugated anti-human DR5 antibody (eBioscience Inc., San Diego, CA) were used for flow cytometric analysis. Rabbit polyclonal antibodies to caspase-8, -9, -3, poly (ADP-ribose) polymerase (PARP) and horseradish peroxidase-conjugated anti-rabbit IgG (Cell Signalling Technology Inc., Danvers, MA) were used for western blotting. 
flow cytometry
detection of apoptotic cells
Goat anti-human IgG antibody was adsorbed onto six-well plates as described above. Then, CS-1008 and hIgG1 solutions at concentrations of 1 or 2 lg/ml were added into each well and incubated at 37°C for 1 h. COLO 205 cells were plated at a density of 1.0 · 10 6 cells per well and incubated at 37°C for 6-9 h. Apoptosis was determined by flow cytometric analysis using an annexin V fluorescein isothiocyanate (FITC) apoptosis detection kit I (BD Biosciences, San Jose, CA). Apoptosis signal induction was determined by western blot analysis using antibodies to caspase-8, -9, -3 or PARP. Fifteen microgram of cell extract was used for the analysis in each lane. Detection was carried out with horseradish peroxidase-conjugated anti-rabbit IgG using diaminobenzidine method.
in vitro hepatotoxicity assay
Primary human hepatocytes from three donors (HH-182, -185 and -189) were purchased from BD Biosciences, and for the preparation and incubation of the hepatocytes, a medium set (Biopredic International, Rennes, France) was used. The hepatocytes were preincubated at 3.5 · 10 4 cells per well in a collagen-coated 96-well plate for 4 h. After further 18 h of incubation with fresh medium, the cells were used for an experiment. COLO 205 cells were used as a positive control. The hepatocytes and COLO 205 cells were treated with a mixture of CS-1008 solution at various concentrations and goat anti-human IgG antibody or TRAIL solution at various concentrations for 6 h at 37°C. Adenosine triphosphate detection assay was carried out using ATPlite-M Luminescence Assay System (PerkinElmer Inc.). The IC 50 values were estimated by linear regression analysis using the two common logarithmic-transformed concentrations closest to either side of the 50% mean cell viability.
purification of RNA and quantitative RT-PCR
Total RNA was extracted from a human hepatocyte (donor: HH-182) and COLO 205 cells using RNeasy Mini Kit (Qiagen K.K., Tokyo, Japan). To avoid contamination of genomic DNA, the RNA samples were treated with deoxyribonuclease I (Invitrogen Corp.). Using these RNAs, the expression level of DR4 and DR5 were measured by real-time quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) using the QuantiTect Probe RT-PCR kit (Qiagen) and an ABI PRISM 7900 HT machine (Applied Biosystems, Foster City, CA). Commercially available probe and primer pairs were used (DR4: DR4_1 probe and primers, DR5: DR5_2 probe and primers; Applied Biosystems). An equal amount of RNA (10 ng) in each Annals of Oncology original article sample was used for RT-PCR analysis. In this experiment, we did not use b-actin or glyceraldehyde-3-phosphate dehydrogenase as a control for the quantification because these genes are reported to be not feasible due to the variation in expression level when comparing the expression level of genes among different tissues or cell lines [16] . Following reverse transcription, the PCR consisted of 50 cycles of denaturation (30 s at 94°C), annealing and polymerization (1 min at 60°C). The PCR product was quantified by detection of fluorescence emission using the ABI PRISM 7900. All experiments were carried out in triplicate. The expression level of DR4 or DR5 in COLO 205 cells were arbitrarily designated as 1.0.
in vivo xenograft models
For the xenograft tumor models, female BALB/cA Jcl-nu mice, aged 6 weeks, were purchased from CLEA Japan, Inc (Tokyo, Japan). MIA PaCa-2 tumors had been maintained in vivo as solid tumors and were implanted s.c. into the nude mice using trocars. Ten days after tumor implantation, the tumor-bearing mice were assigned into groups as above, and the initial mean tumor volumes among experimental groups were 315-320 mm 
statistical analysis
In the xenograft experiment using COLO 205 tumors, the tumor growth rate (increase in mm 3 of tumor volume per day) of each mouse was estimated as the slope of the tumor growth by a linear regression analysis of the volume. The tumor growth rates of the CS-1008-treated mice were compared with those of the vehicle-treated mice by a Dunnett test, and the tumor growth rates of the hIgG-treated mice were compared with those of the vehicle-treated mice by a Student's t-test.
For the NCI-H2122 and MIA PaCa-2 xenograft models, the doubling time (DT) was calculated as the number of days in which the tumor doubled in volume relative to the tumor volume on the grouping day (day 14 for NCI-H2122 and day 10 for MIA PaCa-2). The median DT (MDT) and 95% confidence interval were estimated by the Kaplan-Meier method.
The DT values of the test substance-treated groups were compared with those of the vehicle-treated control group by a log-rank test. To study the combination effects, the DT values of the combination treatment groups were also compared with those of the each single-agent treated group by a log-rank test. All calculations, estimations and statistical analyses described above were carried out using SAS System Release 8. (Table 1) . CS-1008 did not induce cell death in U266B1 and MKN-28 cells ( Figure 1B) . These results indicate that CS-1008 induces cell death in human tumor cell lines and that detectable DR5 expression is required but not sufficient for CS-1008 to induce cell death.
To investigate whether apoptosis is the principal mechanism of cell death induced by CS-1008, COLO 205 cells were treated with CS-1008 or control IgG with cross-linking for 6 h, and the apoptotic cells were detected by an annexin V method. When COLO 205 cells were treated with CS-1008, 61.3% of cells were labeled as early apoptotic cells, whereas only 2.45% of such cells were detected in the hIgG1-treated control cells (Figure 2A) . Similar results were obtained from three independent experiments. Furthermore, the activation of caspases and the processing of PARP were analyzed by western blotting after CS-1008 treatment. In COLO 205 cells treated with CS-1008, cleavage of caspase-8, -9 and -3 and PARP was detected ( Figure 2B ). We concluded that CS-1008 induces cell death in DR5-positive human tumor cells by apoptosis.
effect of CS-1008 on induction of cell death in human hepatocytes TRAIL and other anti-DR antibodies have been reported to induce cell death in human hepatocytes, raising the concern that DR-targeted drugs might cause hepatotoxicity [11, 15] . We assessed the hepatocellular toxicity of CS-1008 using original article Annals of Oncology primary human hepatocytes in vitro. Among human hepatocytes from three donors (HH-182, -185 and -189), TRAIL, which was a bioactive homotrimer, induced cell death in the hepatocytes from two donors, HH-182 and -185 ( Figure  3A ). In contrast, at the concentrations tested, CS-1008 had little, if any, cytotoxicity against these hepatocytes. In the control COLO 205 tumor cells, both TRAIL and CS-1008 induced cell death. Using one donor of hepatocytes (HH-182) that was shown to be sensitive to TRAIL but resistance to CS-1008-induced apoptosis, the expression of DR4 and DR5 was confirmed by a quantified RT-PCR method ( Figure 3B ), indicating that lack of DR5 expression in the hepatocytes was not responsible for negligible level of cytotoxicity after exposure to CS-1008. These results indicated that CS-1008 may have a much safer liver toxicity profile than TRAIL in vitro.
effect of CS-1008 on the growth inhibition of COLO 205
Since CS-1008 induced apoptosis in tumor cells in vitro, we evaluated the antitumor effects of this antibody in xenograft experiments, using tumor cell lines that both express DR5 and show in vitro sensitivity to CS-1008-induced cell death.
CS-1008 in the dose range of 0.1-30 mg/kg and control IgG at the dose of 30 mg/kg were i.v. administered to the mice on days 7, 14 and 21. As a result, the TGI by CS-1008 at the doses of 3 and 10 mg/kg was above 70%. In particular, slight tumor shrinkage was demonstrated at these two dosages after the first administration of CS-1008 (Figure 4) . The statistically significant decrease in tumor growth rates was observed in the dose range between 0.3 and 30 mg/kg (P < 0.05 versus vehicle treatment). We used human IgG as an isotype-matched control and it appeared to produce minor inhibition of tumor growth when compared with the vehicle control.
antitumor effects of CS-1008 in combination with chemotherapeutic agents in human tumor xenograft models
We examined the effects of CS-1008 in combination with chemotherapeutic agents in human NSCLC and pancreatic tumor xenograft models. For use in combination with CS-1008, we chose docetaxel for NSCLC and gemcitabine for pancreatic tumor studies. After NCI-H2122 was established in athymic nude mice, tumor-bearing mice were treated with CS-1008 at the doses of 0.3 and 3 mg/kg on days 14, 21, 28 and 35 and with docetaxel at the dose of 20 mg/kg on day 14 ( Figure 5A ). Treatment with CS-1008 alone at the doses of 0.3 and 3 mg/kg prolonged the MDT by 0.5 and 2.0 days compared with the vehicle-treated control group, respectively. Docetaxel alone significantly prolonged the MDT of the vehicle-treated control group by 12.0 days (P = 0.0178). The combination treatment of either 0.3 or 3 mg/kg CS-1008 with docetaxel synergistically enhanced MDT prolongations to 22.0 and 35.0 days, respectively (P < 0.0001). In these combination groups, tumor shrinkage (Table 2) . Subsequently, we examined the efficacy of CS-1008 combined with gemcitabine in human pancreatic tumor xenograft. MIA PaCa-2 tumors were established in athymic nude mice, and the mice were treated with CS-1008 at the doses of 0.3 and 3 mg/kg and with gemcitabine at the dose of 400 mg/kg, on days 10, 17, 24 and 31 ( Figure 5B ). CS-1008 alone prolonged the MDT of the vehicle-treated control group at the doses of 0.3 and 3 mg/kg in a dose-dependent manner by 3.0 and 7.0 days, respectively. Gemcitabine alone prolonged MDT by 2.0 days only. The combination treatment significantly inhibited the tumor growth with MDT prolongations of 5.5 and 27.0 days (P = 0.0017 and <0.0001, respectively). In the combination group of 3 mg/kg CS-1008 with gemcitabine, two mice showed complete regression with no palpable tumors. These results demonstrate the synergistic combination effect of CS-1008 with gemcitabine in exhibiting antitumor activity (Table 2) .
discussion
The anti-DR5 antibody CS-1008 induced cell death in various DR5-expressing human tumor cell lines. The underlying mechanism of cell death induced by CS-1008 was apoptosis induction, as demonstrated by annexin V FITC staining and caspase and PARP cleavage. These results strongly indicate that CS-1008 is an agonistic antibody to DR5 and that it stimulates the apoptosis pathway mediated by DR5. The study also demonstrated that the induction of apoptosis by CS-1008 was remarkably augmented by cross-linkage with anti-human IgG secondary antibody. This result is consistent with the mechanism of DR5-mediated apoptosis induction by TRAIL.
The initial step for apoptosis signal transduction by TRAIL is the multimerization of DR5 molecules after TRAIL stimulation [2] . Then, the assembled DR5 molecules form DISC with FADD and procaspase-8, which sequentially stimulate caspase cascade and cytochrome C release from mitochondria. The role of a secondary antibody is thought to artificially facilitate DR5 oligomerization to induce apoptotic signal in tumor cells, although the molecular mechanism how CS-1008 induces apoptosis should be clarified in more detail.
In addition to in vitro cytotoxicity, CS-1008 monotherapy and combination therapy demonstrated significant antitumor activities in various human tumor xenografts in athymic nude mice. Among cell lines that are sensitive to CS-1008 in vitro, two cell lines, COLO 205 and MIA PaCa-2, were shown to be sensitive to CS-1008 in xenograft experiments, although NCI-H2122 showed only marginal sensitivity to CS-1008 alone. Because these cell lines express DR5, it was very likely that the antitumor activity of CS-1008 in xenograft models was derived from induction of DR5-mediated apoptosis induction, although the contribution of the antibody-dependent cell-mediated cytotoxicity mechanism could not be excluded. With regard to apoptosis induction in vivo, we speculate that 
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CS-1008 is cross-linked by Fcc receptors expressed on immune cells and thus facilitated to induce apoptosis in tumor cells [17] . Although there are several antibodies used for cancer therapy, so far there are no antibodies approved for cancer therapy that have agonistic mechanism on a specific target molecule and directly induce apoptosis. Thus, the mechanism of CS-1008 antitumor activity is very novel and its potential contribution to the treatment for cancer patients is very promising. In our studies, MKN-28 cells, which express sufficiently high levels of DR5 to be measured in vitro, were resistant to CS-1008. Our preliminary investigation also revealed that several other tumor cell lines were resistant to CS-1008 in spite of detectable DR5 expression (data not shown). These results indicate that there is a need to address resistance mechanisms in the development of DR5-targeting agents since DR5 expression does not always predict the sensitivity of tumor cells to these agents. Similar discordance was observed for other anti-DR antibodies and TRAIL [6, 18] . Thus far, no reported mutations or single nucleotide polymorphisms in a DR5 molecule explain this resistance. These variations in sensitivity may correlate to the expression level and/or activation status of various intracellular apoptotic factors including c-FLIP, caspases, Bax, Bid, cIAP, Bcl-2 and Bcl-xL [19] [20] [21] [22] [23] [24] . Interestingly, some chemotherapeutic agents have been reported to counteract these resistance mechanisms by modifying the status of these apoptosis-regulating factors. For example, doxorubicin is known to sensitize cells to DR-mediated apoptosis [13, 25] . This enhancement is likely associated with the activation of caspases, Bid and JNK/p38 and increase in DISC formation as well as proapoptotic protein release from mitochondria [26] [27] [28] In addition, doxorubicin is also known to increase DR5 expression [25] . Paclitaxel has been reported to enhance TRAIL-induced apoptosis by increasing Bax, Bak, DR4 and DR5 expression or decreasing inhibitor of apoptosis family expression [25] . Gemcitabine has been indicated to enhance TRAIL-induced apoptosis by activating caspase-8 and Bid and decreasing Bcl-xL [29] . In our results, it was demonstrated that the antitumor activity of CS-1008 was enhanced by combined treatment with either docetaxel or gemcitabine in vivo. The mechanism of these combination effects is currently being investigated.
In spite of the tumoricidal activity of CS-1008, it did not induce cell death in human primary hepatocytes, while TRAIL induced cell death in two out of the three lots of hepatocytes investigated. We confirmed the expression of both DR4 and DR5 messenger RNA in one of the three lots of hepatocytes that showed a differential sensitivity to CS-1008 and TRAIL by RT-PCR. Although the mechanism of cytotoxicity in hepatocytes by TRAIL is controversial, the difference between CS-1008 and TRAIL did not seem to depend on the lack of DR5 expression in those primary hepatocytes. Mori et al. reported that among mAbs raised against DR5, some antibodies induced cell death in hepatocytes and others did not [15] . These antibodies' varying hepatotoxicities were due to epitope variations rather than differences in their affinity to DR5 [15] . Whether the epitope of CS-1008 determines this selectivity to tumor cells or not remains to be determined. In any case, our results indicate that DR-mediated apoptosis by CS-1008 does not result in clinically significant hepatotoxicity.
Finally, the results of this report strongly support the clinical use of CS-1008 in cancer therapy on the basis of the findings of its selective cytotoxicity against DR5-expressing tumor cells. The frequency of DR5 expression is relatively high in a variety of tumor types whereas only a limited amount of DR5 expression has been reported in normal tissues [6] [7] [8] [9] [10] . This selective expression profile of DR5 makes it an attractive target for antitumor agents, and clinical trials for several DR5-targeted molecules have been initiated. It is anticipated that these novel agents will provide clinical benefits and novel treatment opportunities to cancer patients. original article Annals of Oncology
